Abstract Some studies on deglaciation-induced sea level change provide only a global average change, thus neglecting the fact that sea level change is spatially variable. This is due mainly to the gravitational and visco-elastic feedback effects of the changing surface mass loads. In order to address this apparent misconception and raise further awareness, we provide a conceptual example based on a simulated total melt of the Greenland and Antarctic ice sheets. This would give a global average sea level change of about 64 m. However, due to the changed distribution of gravitating masses, the sea-level change depends on location, with a range of about -27 m to +79 m (i.e., sea-level will even fall in some places). This spatial dependency has several implications, such as >10% biases in global average sea-level change estimates based only on tide-gauge records, flooding of almost 10% of current land areas, an increase of the length of day by almost a half a second and a northward move of the centre of mass (geocentre) by about 20 m.
INTRODUCTION
Recent changes over areas where water is in solid form, the cryosphere, are of current interest as an indicator for global climate change. Based on model results from various climate change scenarios, the third assessment report of the Inter Governmental Panel on Climate Change (IPCC) predicted an increase in global average surface temperature as well as rise in sea level (e.g., Church et al., 2001; Houghton, 2004) , which has now been confirmed by the IPCC's fourth assessment report (Solomon et al., 2007) using observations. It is likely that this currently observed and predicted future increase in global average temperature may cause a partial or complete melt of parts of the cryosphere (e.g., Oppenheimer, 1998; Huybrects and de Wolde, 1999; Chen et al., 2006; Luthcke et al., 2006 , Velicogna and Wahr, 2006 , Baur et al., 2009 ), which in turn will alter global sea-level (e.g., Gregory and Oerlemans, 1998; Church et al., 2001; Cazenave and Nerem, 2004; Houghton, 2004) .
Due to many scientific and socioeconomic reasons, sea-level change is currently a major area of research and public interest, which is also due to the possibility that significant coastal areas can be flooded. Currently, a huge amount (about 3 × 10 7 km 3 ) of freshwater is locked in the Greenland and Antarctic ice sheets, which is estimated to alter global average sea level by about 70 m (e.g. Rignot and Thomas, 2002, Alley et al., 2005) when completely melted and uniformly distributed over the oceans (termed here as eustatic change). Rowley et al. (2007) , for example, show that only a 6 m global average sea-level rise will affect more than 400 million people, which is about 7% of today's world population. However, like Rowley et al. (2007) , the majority of deglaciation-induced sea-level change studies only consider a globally uniform change (e.g., Chao and O'Connor, 1987; Gregory and Oerlemans, 1998; Huybrechts and de Wolde, 1999; Lambeck et al., 2002; Houghton, 2004; Chen et al., 2006 amongst many others) . This is unrealistic as changes in the cryosphere will result in a nonuniform sea-level change. The spatial dependency is due mostly to the self-gravitation and visco-elastic response of the changing surface mass and load distribution. Even though this behaviour has been known for a long time with an early reference given by Woodward (1888) and subsequent improved formulations by various authors (e.g. Farrell and Clark, 1976; Mitrovica et al., 2001; Clark et al., 2002) it is neglected in many studies focusing only on the eustatic sea level change.
In order to address this misconception we revisit deglaciation-induced sea level changes and use the total melt of the Greenland and Antarctic ice sheets as an educational example in order to demonstrate the main principles. We confirm that deglaciation-induced sea level change is not uniform and can differ considerably locally and/or regionally from the eustatic change. Indeed, we show that sea-level can even fall in some regions, notably close to the melting ice masses. While the simplistic view of an eustatic sea level change is satisfactory when quantifying the global average, we show that the spatial variability is important in the interpretation of past (e.g. Farrell and Clark, 1976; Clark et al., 2002) , present (e.g, Conrad and Hager, 1997; Tamisiea et al., 2001 ) and future (e.g., Mitrovica et al., 2001; Huybrechts, 2006, Mitrovica, et al. 2009 ) sea-level change. We demonstrate that neglecting these effects will lead to considerable biases in global average sea-level estimates from spatially-limited tide gauge and/or satellite altimeter observations, as is commonly done today (e.g. Douglas, 2001; Nerem and Mitchum, 2001; Cazenave and Nerem, 2004) . Such spatial biases have been mentioned by e.g. Conrad and Hager (1997) and Tamisiea et al. (2001) but not quantified for a partial or complete melt of the polar ice sheets.
In section 2 of this contribution we revisit the general theory for deglaciation-induced sea-level change and discuss the primary and secondary effects. In the subsequent section 3, we provide and discuss all numerical examples. We first apply the theory described in section 2 to three melting scenarios of the polar ice sheets by considering only the primary effects in order to provide a conceptual example on the spatial variability of deglaciation-induced sea level change. Furthermore, for the purpose of an educational example, we also provide estimates on changes in the Earth's rotation, centre of mass, spatial sea-level bias and land-ocean distribution considering primary effects only. We summarize the most important conclusions in the last section.
SIMULATION OF DEGLACIATION-INDUCED SEA-LEVEL CHANGE
In order to provide a conceptual example, we have simulated global sea-level change based on three (extreme) melting scenarios: (Scenario A) total melt of the Greenland ice sheet and all glaciers in the Northern Hemisphere; (Scenario B) total melt of the Antarctic ice sheet and all glaciers in the Southern Hemisphere, and (Scenario C) complete melt of all grounded ice masses located above current mean sea-level (MSL). These scenarios where chosen for the sole purpose to demonstrate the spatial variability of deglaciation-induced sea level change, so should not be interpreted as likely future sea-level change scenarios. However, while a total melt of the Antarctic ice sheet (especially the East Antarctic ice sheet) over the next few millennia is very unlikely, a partial or total melt of the Greenland ice sheet and considerable loss of West Antarctic ice sheet over a few-century time-scale seems possible under current greenhouse warming conditions (e.g., Huybrechts and de Wolde, 1999; Church et al., 2001; Huybrechts et al., 2004 , Ridley et al., 2005 , Mitrovica et al., 2009 . Furthermore, it is very likely that under current global warming conditions mountain glaciers will decrease rapidly in the 21 st century leaving the polar ice sheets as major contributors to sea level change on a few-century time-scale (e.g. Raper and Braithwaite, 2006) . For the simulation, the information on the volume and spatial distribution of ice-masses, ocean water and land masses is taken from the JGP95E global 5-arc-minute by 5-arc-minute digital elevation model (Lemoine et al., 1998, chapter 2) to define the initial reference state of our simulations.
Our determination of the relative sea-level change, i.e. the sea surface with respect to the a visco-elastically deformable Earth's surface (as would be sensed by tide-gauges), is based on Farrell and Clark (1976) for a non-rotating visco-elastic Earth model. Accordingly, the new relative sea-level depends on the amount and spatial distribution of ice melted, changes in the Earth's gravity field due to redistribution of masses, and the visco-elastic response of the Earth's surface. The latter requires information on the rheology of the Earth's interior and temporal evolution of the changing ice masses.
Based on Farrell and Clark (1976) the relative sea-level change can be symbolically expressed as (today often termed as sea-level equation, e.g., Mitrovica and Milne 2003) ( 1) where the spatial dependency is expressed by the coordinate pair Ω = (ϕ: latitude, λ: longitude) and the integral average over the ocean area is indicated by <·> o . The global average change in sea-level due to the freshwater influx from melted ice masses is given by the eustatic change S eu , thus the waterequivalent that has been adjusted for the mass-density difference between ice and freshwater is uniformly distributed over the total ocean surface.
The second term in eq. (1) indicates the vertical change of the equipotential surface coinciding with current MSL due to the change in the Earth's gravitational potential ∆Φ(Ω), the perturbing potential with respect to the assumed reference state, including the effects of mass changes due to the visco-elastic response is given by S ∆Φ (Ω) = ∆Φ(Ω)/g, where g is the gravitational acceleration at the Earth's surface. Essentially, three single effects on the Earth's gravitational potential are included in ∆Φ(Ω): (1) changes in ice masses, (2) changes in ocean water distribution and (3) visco-elastic changes of the Earth's crust. The term U ve (Ω) indicates the vertical displacement of the Earth's surface due to the visco-elastic response, which has to be considered when studying relative sea level change. The global average terms < S ∆Φ (Ω) > ο and < U ve (Ω) > o have been subtracted in eqn. (1) so that the total mass change over the oceans is only due to the eustatic sea-level change e.g. < S r (Ω) > ο = S eu . Figure 1 provides a cartoon that illustrates the principles of deglaciation-induced sea level change as obtained by applying eq. (1) to melting ice masses. The cartoon is similar to that provided by Fig. 6 in Farrell and Clark (1976) but shows clearly the spatial sea level variability. Panel A of Fig. 1 indicates the present situation where huge ice masses are locked in the polar ice sheets. Following Newton's law of gravitation the ice masses exert an attraction on the ocean water masses, pulling water towards the ice sheet. Once the ice masses have been partly or completely melted (Panel B of Fig. 1 ) the gravitational attraction has been reduced or removed, therefore releasing previously attracted ocean water. This means that, apart from fresh water influx from melting ice masses, there will be a change in global ocean water mass distribution due to mostly the gravitational feedback effect, which also includes gravitational effects due to the visco-elastic change of the Earth's crust. As indicated in Panel B of Fig. 1 , this effect leads to a smaller than the eustatic sea level rise (including fall) close to the melting ice masses and a larger rise at more distant locations. In addition to the gravitational effects Panel B of Fig. 1 also indicates a vertical change of the Earth's surface due to the visco-elastic effect, which is important to consider when studying relative sea level change as would be observed by a tide gauge located on the deforming Earth's surface. The visco-elastic effect generally manifest as a relaxation (uplift) over the area of ice melt and a loading (depression) over the ocean areas.
As this study only aims to demonstrate the general principles, we do not include any viscous effects as well as other secondary effects in our simulations, therefore dealing only with the gravitational and elastic feedbacks S ∆Φ (Ω) and U e (Ω) = U ve (Ω) , respectively. In particular we neglect viscose effects due to current and future ice melt as well as from past glacial cycles, feedback effects from a change in Earth rotation and land-ocean distribution and thermal expansion of ocean water due to warming. The secondary effects have been neglected because they are at least one order of magnitude smaller than the primary signal S r (Ω) for a total melt scenario, therefore do not change the conceptual example and general conclusions made. However, it has to be stated clearly that numerical results may differ from our results when properly including all secondary feedback effects. The interested reader is referred to Nakiboglu and Lambeck (1991) , Mitrovica (1998), Milne et al. (1999) , Peltier (2001) , Mitrovica and Milne (2003) , Lambeck (2003) , Mitrovica et al. (2005) , Mitrovica et al. (2009) and the literature review in Mitrovica (2003) , which provide more sophisticated modelling techniques including various secondary effects. For completeness an additional term should be added on the right-hand side of eq. (1), which accounts for all second-order effects that have been neglected here. Long-term effects of glacial isostatic adjustment (GIA) induced from past, current and future surface load changes are neglected, as their magnitudes are mostly <1 m (e.g., Nakiboglu and Lambeck, 1991, Peltier, 2001) under the assumption that the complete melt takes place over a few thousand years, hence elastic feedback is dominant. Close to the melting ice masses, however, the effect can get more pronounced. Thermal expansion can contribute several meters to sea-level change over a few thousand years (e.g., Makarynskyy et al., 2007) . While being an important contributor to current and near-future sea level change (e.g. Solomon et al., 2007) steric sea level changes are of minor importance when considering long-term deglaciation scenarios with the major contribution to sea level change coming from the polar ice sheets. In addition, steric sea level changes have practically no influence on the Earth's gravity field (e.g. Roedelsperger et al., 2008) . Under a total melt scenario the change in landocean distribution has also a feedback effect on global average sea level by several metres as will be demonstrated below, thus can be considered as secondary effect as well. In relation to the magnitudes provided above feedback effects form changes in the Earth's rotation are considerably smaller (e.g., Milne and Mitrovica, 1998) . As both the gravitational and elastic feedback effects are linearly related to the change in the Earth's gravitational potential ∆Φ(Ω) deglaciation-induced sea level change (cf. eq. 1) can be modelled by the application of forward gravity modelling techniques only, thus requiring an integration over space but not over time. This, however, requires the information of an elastic Earth model in which the elastic change of the Earth's crust is linearly related to ∆Φ(Ω) via the corresponding elastic load Love numbers. Here we base our numerical simulations on the load Love numbers derived in Farrell (1972) for the Gutenberg-Bullen model A. To calculate the effects on the gravitational potential, we apply Newton's integral expressed by a spherical harmonic expansion (e.g., Ramillien, 2002) , implicitly approximating all mass changes by surface mass changes (e.g., Kuhn and Seitz, 2005) . Furthermore, we assume that all melt-water is transferred into the oceans, neglecting changes in land hydrology and the atmosphere. While climate change scenarios show considerable changes in the global hydrological cycle, they are still uncertain in terms of the magnitude and spatial distribution (e.g., Church et al., 2001; Oki and Kanae, 2006) , thus their effect on sea-level is difficult to assess, hence the need for this assumption.
As the determination of both ∆Φ(Ω) and U e (Ω) require the knowledge of the relative sea-level change S r (Ω) (redistribution of all surface masses), the computation is iterative with the first iteration given by the eustatic change. However, the iteration procedure converges very quickly and the results here are based on four iterations, resulting in maximum relative errors of 0.1%.
RESULTS

Global sea-level change
In order to provide estimates on deglaciation-induced sea level change we use the amount and spatial distribution of the ice-masses contained in JGP95E (Lemoine et al., 1998 , chapter 2), which will be scrutinised first. The calculation of their eustatic sea-level equivalent, when uniformly distributed over the oceans (with a total surface of 3.62 × 10 8 km 2 ), is based on a sphere of radius 6,378,137 m and mean mass-densities of ice and fresh water of 927 kg m -3 and 1000 kg m -3 , respectively. Table 1 shows the global ice volume and that contained in the ice sheets of Greenland and Antarctica and the estimates of the corresponding eustatic sea-level change should they melt completely. Most of the ice masses are concentrated over Antarctica (∼ 90%) and Greenland (∼ 9%) with only a minor quantity contained in the global glaciers (<1%).
We only consider ice masses located above current MSL, thus neglecting the isostatic uplift of ice masses during the melting period. The corresponding relative effect on sea-level is <<1% as the amount of vertical uplift of the Earth's crust is <1% compared to the thickness of the melted ice masses. Ice masses below current MSL may only become floating ice with respect to ocean water, thus only having a secondary effect on global average sea-level change, which is due to the mass-density difference between ice and ocean water with the latter density taken here as 1028 kg m -3 . This effect is only about 1% (70 cm) of the total average sea-level change in the case all ice masses below the current sea-level are melted (see Table 1 ).
The estimates in Table 1 are considerably smaller than the widely cited global average sea-level rise of about 80 m for a total melt of all ice (e.g., Williams and Ferrigno, 1999) . The difference is partly based on the information given by a glaciological and geophysical folio of Antarctica (Drewry, 1983) . The corresponding value of 73 m for the Antarctic ice sheet includes all ice masses below current MSL, as well as erroneous topographic data (e.g., Huybrechts et al., 2000 , Lythe et al., 2001 ). More recent estimates show a value of about 57 m for the contribution of the Antarctic ice sheet only including ice masses above current MSL (e.g., Huybrechts et al., 2000) , which matches the estimate presented in Table 1 . As such, we believe the use of JGP95E gives a reliable estimate of the ice-mass distribution over the poles.
Considering the self-gravitational and elastic feedback effects for the three melting scenarios described in section 2, Figures 2 to 4 show that the resulting sea-level change is definitely not uniform, with the eustatic sea-level change present only along one particular isoline close to the equator, but not coincident with it. Due to self-gravitation, regions in close proximity to the melted ice masses show a smaller sea-level change and, correspondingly, more distant regions show a larger change compared to the eustatic one, even with sea-level fall very close to the melting ice masses.
Assuming a melt of the Greenland ice sheet only, while Antarctica remains stable (e.g., Huybrechts and de Wolde, 1999; Huybrechts et al., 2004 , Ridley et al., 2005 , sea level over most locations in the Northern Hemisphere shows a considerably smaller rise then the eustatic one, whereas it is larger in the Southern Hemisphere (Figure 2) . In large regions around Greenland, reaching as far as the coast of Newfoundland, the entrance of Hudson Bay and almost the coast of Scandinavia, sea-level will fall, instead of rise. The situation is reversed if only the Antarctic ice sheet is melted (Figure 3 ). Sea-level rise is generally higher than the eustatic level in the Northern Hemisphere and smaller in the Southern Hemisphere. Due to the much larger ice volumes involved, only a few places very close to the Antarctic coast will experience sealevel fall. As most ice masses are currently located over Antarctica (∼ 90%), the spatial sea-level change pattern for a complete melt is dominated by this second scenario (compare Figure 4 with 3) .
While Figures 2 to 4 show the sea level after a complete melt of all ice masses the situation for a partial melt can be approximately obtained by scaling the results of the complete melt scenarios. This property was already discussed by Farrell and Clark (1976) , leading to the common use of a normalised sea level change pattern where actual sea level is divided by the eustatic equivalent. When normalising the results of Figures 2 to 4 , the resulting spatial patterns are very similar, but not identical, to that presented in Conrad and Hager (1997) and Mitrovica et al. (2001) , which are based on present-day melting of ice sheets and glaciers, whereas our results are based on simulated (future) melting. The visual similarity demonstrates that absolute sea level change is almost linearly related to the amount of ice melted, thus scaling of the results obtained for the total melt scenario is generally permitted to gain the result for a partial melt scenario.
However, examining the structure of Newton's integral, there is only an exact linear relationship if the relative amount of the melting ice masses is changed but the geometry remains unchanged, which means a change in ice masses is only quantified by a density change. In other words, a thin ice sheet has to melt by exactly the same relative amount than a thick ice sheet. This behaviour, however, is rather unlikely, as under the same warming conditions, thin ice sheets will disintegrate first before thick ones. Considering this behaviour, we estimated that a 1% melt scenario scaled to a total melt scenario (e.g., extreme case of scaling) can lead to relative errors in excess of 20% in the final sea level close to the melting ice masses. However, further away from the melting ice masses, the relative error diminishes rather quickly with distance.
Changes in the earth's rotation and centre of mass
In order to show some other implications of deglaciation-induced sea level changes on the system Earth, we provide information on changes in the Earth's rotation rate and centre of mass, both directly related to changes of the Earth's mass distribution. Like for the spatial sea level change pattern provided in the previous section, it should be mentioned here that the numerical values provided serve only to illustrate the general effects and more sophisticated modelling by including other (secondary) effects will lead to different numerical results but the same conclusions. The spatially variable sea-level change pattern in Figures 2 to 4 imply a general mass transport from Polar Regions towards the equator, resulting in the Earth's gravitational oblateness to increase, rotation rate to decrease, and the centre of mass to change (Table 2 ). These changes have been derived for our three melting scenarios using (fully normalised and unitless) Stokes's coefficients ∆C nm , ∆S nm (n: degree, m: order) associated to the change in gravitational potential corresponding to the different with M and R being the Earth's mass and mean radius, respectively and C is the Earth's polar moment of inertia. Equation (3) holds for a net mass change of zero, thus all ice masses are transferred into the oceans. Heiskanen and Moritz (1967) show that changes in the Earth's centre of mass expressed by the three dimensional Cartesian coordinate differences ∆X, ∆Y and ∆Z are directly related to the degree one Stokes coefficients through the relation 
As the bulk of the land based ice masses are concentrated in the polar ice sheets any melting will result in a slowdown of the Earth's rotation, thus an increase in LOD. The complete melt of the Greenland ice sheet (scenario A) already results in a LOD increase of 40 milliseconds while the increase is 0.41 sec and almost a half a second for a complete melt of the Antarctic ice sheet (scenario B) and a complete melt of all land based ice masses (scenario C), respectively (see Table 2 ). A change in the Earth's centre of mass always points away from the removed masses, the polar ice sheets. Therefore, a complete melt of the Greenland ice sheet (scenario A) results mostly in a southwards movement of the Earth's centre of mass by >3 metres. The contrary happens for a complete melt of the Antarctic ice sheet (scenario B) resulting in a mostly northwards shift of >21 metres. The total melt of all land based ice masses (scenario C) once again is dominated by scenario B as most of the ice mass is concentrated over the Antarctic ice sheet.
Both the change in the Earth's rotation and centre of mass are several orders of magnitude greater then currently observed short-term (e.g. seasonal) and long-term (e.g. century-scale) changes. Observed LOD changes are in the order of milliseconds both seasonal and secular over a century-scale (e.g. Gross 2008 ), thus about two to three orders of magnitude smaller then that of the three melting scenarios presented. For the Earth's centre of mass the observed changes are three to four orders of magnitudes smaller being in the range of millimetres to about one centimetre (e.g. Dong et al. 1997) . Therefore, it can be expected that these changes will have major impacts on the precise definition of terrestrial reference frames in particular (e.g. Dong et al. 2003 ) and the dynamic system Earth in general.
Spatial sea-level biases
The consequence of the spatially variable sea-level change patterns in Figures 2 to 4 becomes important when trying to derive global average sea-level change estimates (e.g., Conrad and Hager, 1997; Tamisiea et al., 2001, Cazenave and Nerem 2004) This spatial sampling effect is sometimes neglected when interpreting the results from tide-gauge records and/or satellite altimeter data (cf. Douglas, 2001; Nerem and Mitchum, 2001) . Under the assumption of a specific melting scenario, however, these effects can be quantified by examining Figures 2 to 4 . In the extreme case when only one tide-gauge station is used, the bias in the corresponding global sea-level change can be overestimated by 40% or underestimated by over 100% (i.e., sea-level fall instead of rise) as can be derived by comparing the minimum and maximum sea level changes with the corresponding eustatic change in Figures 2 to 4. As such, the gravitational feedback effect is a key element in properly interpreting current estimates of global sea-level change. Hagedoorn et al. (2007) for example use this property to derive an optimal combination between various mantle viscosity models and ice history models by comparison their sea level response with Holocene relative sea-level records.
Based on the frequently used 27 tide-gauges selected by Douglas (2001) , average sea-level rise could be overestimated by >10% under the melting scenarios considered here (Table 3) . Importantly, the bias does not depend on the length or quality of the tide-gauge records, but only on their locations. This situation does not improve when using all the tide-gauge records (almost 2000) provided by the Permanent Service for Mean Sea-level (PSMSL) (Woodworth and Player, 2003) regardless of the tide-gauges' operational status; the biases are also around 10%. These biases result from insufficient sampling of the world's oceans by tide-gauges. Even for satellite altimeter data, the world's oceans are insufficiently sampled because Polar Regions are omitted. However, due to the more uniform coverage of altimetry, the biases are smaller and in the range of a few percent (Table 3) .
One could argue that the biases presented in Table 3 are of minor importance, since they show a similar magnitude to current uncertainties in sea-level change estimates obtained by long-term tide-gauge records or satellite altimeter measurements (e.g., Cazenave and Nerem, 2004) . However, the biases presented are systematic and can only be improved by a different sampling of the world's M. Kuhn, W.E. Featherstone, O. Makarynskyy and W. Keller 77 Volume 1 · Number 2 · 2010 oceans, rather than focussing on improving the data quality. This is where gravitational feedback, which is rather simple to model using Newtonian forward modelling, is of use to simulate a broad-scale picture of the spatial variability of sea-level change, thus reducing the exposure to biasing due to observation-location sampling.
Change in land-ocean distribution
In case of sea-level rise, coastal areas are naturally subject to flooding, thus the current land-ocean distribution (coastline) will change (e.g., Nicholls, 2002 , Pilkey and Cooper, 2004 , Rowley et al., 2007 . The extent of flooding, however, also depends on the spatial pattern of sea-level rise. As an example we simulate the flooding of coastal areas based on the spatial sea-level change patterns in Figure 2 to 4 and the elevation data provided by JGP95E (Lemoine et al., 1998) . In our flooding simulations we consider the natural flow of water along equipotential surfaces rather than simply matching the new sea-level with the corresponding elevation contour line on land. This is important as there is a negative feedback effect that lowers the overall sea-level rise as water is spread out over land, thus is distributed over a larger area (e.g. Mitrovica and Milne, 2003) . This negative feedback effect can reduce the eustatic sea-level change values given in Table 1 by up to 3%. However, the effect of erosion due to different coastal morphology has not been considered, which can extend or restrict the affected area considerably (e.g., Bruun, 1988 , Zhang et al., 2004 . Apart from flooding, some land reclamation close to the large ice sheets will also occur. Table 4 provides for the three flooding simulations some numerical results including the relative change in land and ocean areas, the magnitude of the above mentioned negative feedback effect as well as the amount of present-day world population affected. In this study the amount of world population affected by flooding has been derived by matching the flooded area with gridded population data of the world provided by the Centre for International Earth Science Information Network (GWPFE 2005) . It should be mentioned here that the estimates on the world population affected by flooding are purely hypothetical as we assume that a total melt takes place over at least few thousand years and a prediction of the amount and spatial distribution of the world population over such time period is not possible. Therefore, the estimates should be treated more as an indication of the potential vulnerability of current world population due to flooding. Naturally, the most prominent flooding scenario is obtained for a complete melt of all ice masses ( Figure 5 ). Under such scenario all large river deltas and many low-lying regions such as large parts of the Ganges river basin including most of Bangladesh, many nations in South-East Asia, the West Siberian Plain and North Siberian Lowland, the low-lying countries in Northern Europe and the SouthEast coast of North America including most of Florida will be flooded. Our flooding scenario also reveals that the Caspian and Aral Seas will be flooded even though they don't have any connection to the world's oceans. This is because, according to the elevation data in JGP95E, there are low-lying areas through the Don and Volga river valleys that connect the Caspian Sea with the Black Sea and a low-lying passage through Turkmenistan from the South Caspian Sea to the Aral Sea. The existence of such passages has to be verified through local elevation data and will change the data in Table 4 if these areas are not included into the flooding scenario. However, this region illustrates a good example for the flooding of basin areas that are only reached once the rising sea level breaks a natural barrier upon which the whole basin (area with lower elevations then the natural barrier) may be flooded.
Under such an extreme scenario, almost one third of the present-day world population will be affected (cf. Table 4) illustrating the fact that large amount of the present-day world population is living either close to the coast or in low-lying areas, thus is vulnerable to sea level rise. Even a rather modest amount of about 7 m global average sea level rise (e.g. only the Greenland ice sheet is melted, cf. Table 1 ) the present day coastline changes considerably, directly affecting about 4.5% of today's world population. This effect is much smaller than the 7% derived by Rowley et al. (2007) for only 6 m global average sea level rise. As the latter estimate is based on a globally uniform sea level rise, the difference illustrates the effect when accounting for the spatial variation in global sea level change (cf. Figures 2 to 4) . As most of the world's population is concentrated on the Northern Hemisphere a lower value of the affected world population should be expected as a complete melt of the Greenland ice sheet will result in a lower then average sea level rise over large parts of North America and Europe (cf. Figure 2) . Figure 3 with the topographic heights and ocean depths from JGP95E (given in metres). Over ice covered areas the elevation of the bedrock (set to 0 m if bedrock is below current mean sea level) has been taken
CONCLUSIONS
We have provided a conceptual example on deglaciation-induced sea level change based on the total melt of the Greenland and Antarctic ice sheets. We have shown, due to the self-gravitational effects of the changed surface mass distribution due to ice-melt, global sea-level change is spatially non-uniform. This is contrary to many studies that assume only a eustatic sea-level change.
Neglecting the spatial variability of sea level rise can adversely affect the estimate of global average sea-level change values based on poorly distributed tide-gauge and/or satellite altimetry measurements, leading to relative biases in excess of 10%. Therefore, this information has to be considered when selecting a set of long-term tide gauge records that will lead to a largely improved or even "bias-free" estimate of global average sea-level change.
Based on past and present observations of global sea-level change, the corresponding sea level change pattern can provide valuable information to address the so called attribution problem, the delineation where a mass change in the cryosphere is currently taking place or has occurred in the past.
Our results have also shown that spatially varying sea-level change will cause different levels of flooding of coastal areas, as opposed to what would be expected by simplistically applying only a single-value representing a globally uniform sea-level change. This effect has been demonstrated for the spatial sea-level change pattern calculated here where estimates of coastal vulnerability can vary considerably with respect to the use of a globally uniform change. This also holds for estimates of changes in land-water distribution due to mostly flooding of coastal areas.
Finally, we conclude that under the three melting scenarios the presented changes of sea level, Earth's rotation and centre of mass will have major impacts on the dynamic system Earth in general and the precise definition of terrestrial reference frames in particular. This is based on the fact that all presented changes are several orders of magnitude larger then currently observed changes.
